Members of the epidermal growth factor family of receptors have long been implicated in the pathogenesis of various tumors, and more recently, apparent roles in the developing heart and nervous system have been described. Numerous ligands that activate these receptors have been isolated. We report here on the cloning and initial characterization of a second ligand for the erbB family of receptors. This factor, which we have termed Don-1 (divergent of neuregulin 1), has structural similarity with the neuregulins. We have isolated four splice variants, two each from human and mouse, and have shown that they are capable of inducing tyrosine phosphorylation of erbB3, erbB4, and erbB2. In contrast to those of neuregulin, high levels of expression of Don-1 are restricted to the cerebellum and dentate gyrus in the adult brain and to fetal tissues.
Neuregulin (also called neu differentiation factor [NDF] , heregulin, glial growth factor, and acetylcholine receptor-inducing activity [ARIA] ) is a member of the epidermal growth factor (EGF) family, whose splice variants commonly consist of as many as six recognizable domains: an N-terminal domain, an immunoglobulin-like domain, a glycosylation-rich spacer, an EGF-like domain, a hydrophobic transmembrane sequence, and a cytoplasmic tail (14, 26, 34) . Numerous isoforms of neuregulin exist (10, 19, 34) that result from alternate splicing of a single gene located on human chromosome 8 at position 8p12-21 (24) . Although the mosaic structure is conserved between the many isoforms of neuregulin, the EGF-like domain alone is sufficient for receptor binding and for the stimulation of a range of cellular responses in vitro (14) .
Various functions have been ascribed to neuregulin, including modulation of the number of acetylcholine receptors at the neuromuscular junction (10, 12) , promotion of proliferation and survival of Schwann cells and their progenitors (9, 19, 22) , and induction of oligodendrocyte maturation (32) . In addition, it has been shown that neuregulin may act outside the nervous system to induce the growth and differentiation of epithelial cells (8, 20, 25) .
The biological activity of neuregulin is mediated by the EGF receptor family of tyrosine kinase receptors. This family is composed of the EGF receptor (EGFR), erbB2, erbB3, and erbB4. These receptors are expressed in a variety of tissues and are often overexpressed in human tumor cells. Ligand-dependent signalling occurs through receptor homo-or heterodimerization, followed by activation of cytoplasmic protein tyrosine kinase domains through autophosphorylation. Historically, a great deal of interest centered around neuregulin as a potential ligand for erbB2, but although neuregulin is capable of stimulating the tyrosine phosphorylation of erbB2, it does not bind this receptor directly. Instead, it has been shown that neuregulin binds erbB3 and erbB4 (5, 25, (27) (28) (29) and that the activation of erbB2 occurs indirectly through heterodimerization of the various receptors (15) . It has been suggested that erbB2 may act solely to potentiate the activity of the EGF family of ligands by heterodimerization with other receptors and that there may not be an endogenous ligand for erbB2 (15) . The possibility of the existence of additional, undiscovered ligands for the erbB receptors was raised on the basis of the results obtained from a series of neuregulin-, erbB2-, and erbB4-targeted deletions in mice (11, 16, 17, 21) . All mutant embryos died in utero around day 10 or 11, displaying similar heart malformations and defects in the developing nervous system. While neural defects in mice lacking neuregulin and erbB2 seemed comparable, the phenotype of the developing hindbrain of erbB4-deficient mice was dramatically different, leading the authors to propose that a different, related ligand for erbB4 existed in the developing rhombomeres during embryogenesis (11) .
We have identified a novel growth factor that shows a high degree of homology to neuregulin. The expression pattern of this gene, which we termed Don-1 (divergent of neuregulin 1); appears to be more tissue restricted than that of the neuregulin gene. In both mouse and human, Don-1 is found predominantly in the cerebellum. Our results show that Don-1 is capable of activating the same receptors as neuregulin, although differing activity in in vitro bioassays together with its different expression pattern indicates that Don-1 may play a role distinct from that of neuregulin in vivo.
MATERIALS AND METHODS
Library construction and screening. A cDNA library of mouse choroid plexus was constructed as described previously (30) . Random EST sequences of this library were searched against the GenBank nucleotide database and a combined database of Swiss-Prot, PIR, and the National Center for Biotechnology Genpept protein database by using BLASTN and BLASTX algorithms (1), which resulted in the identification of a novel homolog of neuregulin.
To isolate full-length sequences from both mouse and human, various libraries from Stratagene (La Jolla, Calif.) and Clontech (Palo Alto, Calif.) were screened with a radiolabeled 1.4-kb cDNA probe that was originally isolated from the choroid plexus library. Hybridization was performed as recommended by the manufacturer.
Mouse genomic clones were isolated by screening an E129 library, constructed in Lambda FixII (Stratagene) with the radiolabelled 1.4-kb murine Don-1s (muDon-1s) cDNA, as recommended by the manufacturer.
Northern blotting and in situ analysis. Mouse and human multiple-tissue Northern blots purchased from Clontech were hybridized to radiolabelled 1.4-kb muDon-1s or 2.5-kb human Don-1r (huDon-1r) cDNAs as described by the manufacturer.
For in situ analysis, the brains of 4-to 6-week-old C57BL/6 mice were removed and frozen on dry ice. Ten-micrometer-thick coronal sections of the brain were postfixed with 4% formaldehyde in 1ϫ phosphate-buffered saline at room temperature for 10 min before being rinsed twice in 1ϫ phosphate-buffered saline and once in 1 M triethanolamine-HCl (pH 8). Following incubation in 0.25% acetic anhydride-1 M triethanolamine-HCl for 10 min, sections were rinsed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Tissue was dehydrated through a series of ethanol washes, incubated in 100% chloroform for 5 min, and then rinsed in 95% ethanol for 1 min and 100% ethanol for 1 min. Hybridizations were performed with 35 S-radiolabelled (5 ϫ 10 7 cpm/ml) cRNA probes encoding a 500-bp segment of the 5Ј end of the muDon-1m gene (generated with PCR primers F, 5Ј-CTTAGGATCTGGCATGTACA, and R, 5Ј-C TGAAGAAGATGAAGAGCCA). Probes were incubated in the presence of a solution containing 600 mM NaCl, 10 mM Tris (pH 7.5), 1 mM EDTA, 0.01% sheared herring sperm, 0.01% yeast tRNA, 0.05% total yeast RNA type X1, 1ϫ Denhardt's solution, 50% formamide, 10% dextran sulfate, 100 mM dithiothreitol, 0.1% sodium dodecyl sulfate (SDS), and 0.1% sodium thiosulfate for 18 h at 55°C. After hybridization, slides were washed with 2ϫ SSC. Sections were then sequentially incubated at 37°in a solution containing 10 mM Tris-HCl (pH 7.6), 500 mM NaCl, and 1 mM EDTA (TNE) for 10 min; in TNE with 10 g of RNase A per ml for 30 min; and finally in TNE for 30 min. Slides were then washed with 0.2ϫ SSC at 60°C for 1 h. Sections were dehydrated rapidly through serial ethanol-0.3 M sodium acetate concentrations before being air dried and exposed to Kodak Biomax MR scientific imaging film for 7 days at room temperature. Controls for the in situ hybridization experiments included the use of a sense probe, which showed no signal above background, and RNase-treated tissue, which showed a significantly reduced signal.
Genetic mapping. The Don-1 gene was mapped to the proximal end of chromosome 18 in the mouse by utilizing the Mus spretus/C57BL/6J backcross panel, as described previously (30) . Primers were designed from the intronic sequence of muDon-1 and were as follows: F1, 5Ј-AGAGGAAGGCCAAAGTAGTG, and R2, 5Ј-GTGGACCACAAGGTAAACAG. Amplification conditions were 35 cycles of 95°C for 1 min, 57°C for 1 min, and 72°C for 45 s. Amplification products were run on a 10% SSCP gel at 2 W at 4°C overnight. Two primer sets from intronic sequences of the human gene were designed to map Don-1 by using the Stanford Human Genome Center's G3 radiation hybrid panel and the Whitehead Institute/MIT Center for Genome Research's GENEBRIDGE4 radiation hybrid panel (Research Genetics, Huntsville, Ala.). The primers were as follows: F1, 5Ј-CCCTCAGAAACACTCCAAAG; R1, 5Ј-AGTGTGAAAAGTGTCCT GGG; F2, 5Ј-ATGACAGACTGGGACTAGAG; and R2, 5Ј-GGGACATGGA ACTTCTAGCA. Amplification conditions were 30 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Amplification products were run on a 2% agarose gel.
Expression of Don-1. The regions encoding the EGF domain and flanking amino acids of muDon-1m were amplified by PCR, subcloned into the mammalian expression vector, PN8E, and then transfected into 293EBNA cells with Lipofectamine as detailed by Gibco-BRL (Gaithersburg, Md.). A signal sequence (13) was fused to the sequence corresponding to the N terminus of the EGF domain by PCR (MALPVTALLLPLALLLHAARP [signal]-LHVNSV [Don-1 5Ј]), and a FLAG epitope tag was placed on the C terminus (YMPD PK[Don-1 3Ј]-DYKDDDDK[FLAG]) prior to subcloning into PN8E. The secreted EGF domain of Don-1 was purified from the conditioned media of 293EBNA cells by binding to an anti-FLAG M2 affinity resin. After the resin was washed with Tris-buffered saline, the protein was eluted with FLAG peptide (75 g/ml) in Tris-buffered saline. To quantitate the amount of affinity-purified material obtained, various dilutions of the EGF domain were electrophoresed on an SDS-polyacrylamide gel electrophoresis (PAGE) gel with known concentrations of chemically synthesized Don-1 EGF domain peptide (Anaspec, San Jose, Calif.). Following silver staining, densitometry was performed to determine the concentration of the purified protein.
A version of muDon-1m cDNA that encoded a protein with a truncated cytoplasmic tail and lacked a signal sequence (amino acids [aa] 38 to 447 in Fig.  1 ) was subcloned into pMet7 with a 5Ј FLAG epitope (MDYKDDDDK[FLAG]-KLKKMK[muDon-1m]) and was then transfected into COS-7 cells with Lipofectamine as detailed by Gibco-BRL. Expression of FLAG-Don-1 constructs in transfected cells and their conditioned media was determined by immunoblotting of SDS-PAGE-separated protein extracts with anti-FLAG monoclonal antibody M2 (Eastman Kodak, Rochester, N.Y.) at a dilution of 1/500. The secreted form of muDon-1m was purified from the conditioned media of COS-7 cells as detailed above for the Don-1 EGF domain.
Immunoblotting assays. MDA-MB453, SKBR-3, and SKOV-3 cells (American Type Culture Collection, Rockville, Md.) were grown to 80% confluence in Dulbecco minimal essential medium supplemented with 10% fetal calf serum in a humidified atmosphere of 5% CO 2 at 37°C. The cells were then replated in serum-free medium for 16 h before being exposed to neuregulin-␣ (100 ng/ml), EGF (100 ng/ml), or affinity-purified Don-1 EGF-like domain (10 ng/ml) for 15 min at 37°C. Cell lysates were prepared in buffer (1% Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 20 mM Tris [pH 8.0], 1 mM EDTA, 30 mM Na 4 P 2 O 7 , 50 mM NaF, 0.1 mM Na 3 VO 4 , 10 g of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride), and comparable amounts of protein were separated on an SDS-7.5% PAGE gel. Following transfer to nitrocellulose, immunodetection of phosphorylated proteins was performed with the monoclonal antiphosphotyrosine antibody 4G10 (Upstate Biotechnology, Lake Placid, N.Y.), as described by the manufacturer, and by enhanced chemiluminescence detection (Amersham, Cleveland, Ohio). Recombinant neuregulin-␣ (EGF-like domain) and EGF were purchased from R&D Systems (Minneapolis, Minn.). For immunoprecipitation assays, 1 mg of cell extract was incubated with antibodies to erbB3 (RTJ.2; Santa Cruz Biotechnology, Santa Cruz, Calif.), erbB4 (C-18; Santa Cruz Biotechnology), or erbB2 (C-18; Santa Cruz Biotechnology) at a concentration of 1 g/ml for 2 h at 4°C. Samples were then bound to protein G agarose for 12 h at 4°C before being washed four times in lysis buffer. Immunoprecipitated samples were resuspended in sample buffer and boiled for 5 min and were then electrophoresed through SDS-PAGE gels. Gels were then transferred and blotted as detailed above.
Bioassays. The effect of Don-1 on the growth of SKBR-3 cells was ascertained by seeding cells (10 4 cells per well) into 96-well plates in the presence of purified Don-1 EGF domain or recombinant neuregulin-␣ for 48 h. Ten micromolar bromodeoxyuridine was included for the final 24 h and incorporation into double-stranded DNA was quantitated by enzyme-linked immunosorbent assay as outlined by the manufacturer (Boehringer Mannheim, Indianapolis, Ind.).
ARIA was measured as previously described (10) . Briefly, 7-day-old primary cultures of E11 chick pectoral muscle grown in 2% chicken embryo extractminimal essential medium were incubated with test factors for 24 h. "Old" surface acetylcholine receptors were blocked with excess cold alpha bungarotoxin, and the emergence of "new" surface acetylcholine receptors was measured by labelling with radioiodinated alpha bungarotoxin (Amersham) for 5 h, followed by measuring radioactivity of whole-cell lysates on a gamma counter.
RESULTS
Cloning of Don-1. Using computer-based searching of EST sequences from a murine choroid plexus library, we isolated a clone that showed striking homology to the neuregulin family of growth factors. Further sequencing of this 1.4-kb clone (muDon-1s) confirmed the homology over part of an immunoglobulin domain and an EGF-like domain. The open reading frame (ORF) of this cDNA terminated 41 codons after the EGF-like domain but did not extend as far upstream as an initiating methionine. Northern blot analysis of the expression of this clone identified murine brain and lung as potential sources of full-length clones. A second murine clone (muDon1m), of 2.5 kb, was isolated from a murine lung library, containing a single long ORF of 605 codons. This clone differed from the original isolate in that it encoded a predicted membrane-bound version of Don-1 (Fig. 1) . Subsequently, two human homologs (huDon-1r and huDon-1b) were isolated from fetal brain libraries by hybridization to the murine clones. The cDNA for huDon-1b did not contain a termination codon, and the protein differed from huDon-1r by an 8-amino-acid insertion proximal to the transmembrane domain. The sequence for huDon-1r was determined from two overlapping cDNA clones. Figure 1 shows that, like neuregulin, Don-1 is a mosaic protein containing an N-terminal domain, an immunoglobulin-C2 loop, an EGF-like domain, a transmembrane sequence, and a large cytoplasmic tail. No recognizable signal sequence is apparent, and a potential protease cleavage site is present proximal to the transmembrane domain (14) . The glycosylation-rich extended spacer domain found in most isoforms of neuregulin is not present in any of the Don-1 isoforms.
Alignment of Don-1 to neuregulin-␤ reveals that the highest degree of homology extends over the transmembrane domain (92%); significant homology is also evident over the immunoglobulin (40%), EGF-like (49%), N-terminal (36%), and cytoplasmic (24%) domains. Interestingly, a small region of the cytoplasmic tail (residues 431 to 458 in Fig. 1 ) exhibited high homology (89%) over a stretch of 28 aa, suggesting a region of functional significance.
Closer scrutiny of the EGF-like domain of Don-1 and comparison with the sequences of other EGF domain-containing growth factors (Fig. 2) shows that, although overall homology was greatest between Don-1 and members of the neuregulin family (49%), the spacing between the third and fourth cysteines of Don-1 was similar to that of factors known to bind the EGFR, including heparin-binding EGF (hb-EGF), EGF, transforming growth factor ␣, and amphiregulin.
Evidence of signaling via erbB receptors. We transiently transfected cells with constructs encoding either the EGF-like domain with an artificial signal sequence (to produce a soluble EGF-like domain) or a version of muDon-1 that has a truncated cytoplasmic domain similar in size to that of rat NDF (34) and that lacks an apparent signal sequence. Both constructs were FLAG epitope tagged. Western blot analysis showed that cells transfected with the transmembrane domaincontaining muDon-1m synthesized a tagged protein of ϳ50 kDa that was associated with the cell (Fig. 3A, lane 2) . This species was larger than the predicted molecular mass of 42 kDa. In addition, a protein of ϳ28 kDa was detected in the conditioned medium from these cells, indicating that the transmembrane domain-containing precursor of Don-1 was being processed and released from the cell membrane (Fig. 3A, Fig. 1 ) and the observed molecular mass of 28 kDa of the extracellular domain of muDon-1m is likely due to glycosylation. A number of potential N-linked and O-linked glycosylation sites exist in Don-1. The 28-kDa secreted form of muDon-1m was affinity purified and tested for its ability to induce phosphorylation in the breast tumor cell line MDA-MB453. These cells express erbB2, erbB3, and erbB4 (27, 31) . Figure 3B shows that the secreted form of muDon-1m is capable of inducing tyrosine phosphorylation of a protein of ϳ185 kDa. Similar experiments with the purified EGF-like domain of Don-1 were also performed (Fig. 4A) . These results show that, like that of neuregulin, the EGF-like domain of Don-1 alone is sufficient to exert a biological effect. In addition, Don-1 (10 ng/ml) was capable of eliciting similar levels of tyrosine phosphorylation at concentrations approximately 10-fold lower than neuregulin-␣ (100 ng/ml). Further assays were performed on two other cell lines, SKOV-3 and SKBR-3, and in contrast to the results obtained in the MDA-MB453 cells (Fig. 4A) , no response was observed in the ovarian carcinoma cell line, SKOV-3, which overexpresses erbB2 but expresses little or no erbB3 or erbB4 (Fig. 4B) . This finding is similar to results obtained with neuregulin (25) . Stimulation of the SKBR-3 mammary carcinoma cell line (which expresses EGFR, erbB2, and erbB3) with Don-1 peptide resulted in increased phosphorylation of a protein of ϳ185 kDa (Fig. 4C) . Immunoprecipitation of erbB2 (Fig. 4D), erbB3 (Fig. 4E) , and erbB4 (Fig. 4F ) from Don-1-stimulated MDA-MB453 cells, followed by antiphosphotyrosine blotting, revealed that all of these receptors are phosphorylated in response to Don-1. Biological response of Don-1. After demonstrating that Don-1 can activate members of the erbB receptor family, we decided to see if Don-1 can stimulate a full biological response at the cellular level. We first determined whether Don-1 was capable of stimulating the proliferation of a breast tumor cell line that had previously been shown to proliferate in response to neuregulin (14) . Purified recombinant Don-1 EGF-like domain was incubated at a range of doses with the SKBR-3 tumor cells for 48 h, and proliferation was assessed by measuring the amount of bromodeoxyuridine incorporated over the final 24 h. One nanomolar Don-1 EGF-like domain gave a significant increase in the rate of proliferation in the cells to a value 40% greater than controls (Fig. 5A ). This effect was dose dependent, with a half-maximal stimulation of proliferation at approximately 6 pM. The EGF-like domain of an alpha neuregulin was found to be active in this assay as has been noted previously (14) . However, half-maximal stimulation of proliferation was achieved only with doses in excess of 100 pM. As both alpha and beta isoforms of neuregulin have equivalent potency in this assay (14) , we conclude that Don-1 is a more potent mitogen for this cell type than neuregulins.
Neuregulins also have ARIA, that is, they stimulate the rate   FIG. 4 . Don-1-induced tyrosine phosphorylation. (A) Activity of the Don-1 EGF-like domain (Don-1) was ascertained by phosphorylation of a 185-kDa protein in the breast adenocarcinoma cell line MDA-MB453. Serum-starved cells were either untreated (Ϫ) or treated with EGF (100 ng/ml), neuregulin-␣ (100 ng/ml), and affinity-purified Don-1 EGF-like domain as described in Materials and Methods. Cell lysates were separated, transferred to nitrocellulose, and then blotted with antibodies to phosphotyrosine. (B and C) Serum-starved SKOV-3 cells (B) and SKBR-3 cells (C) were left unexposed (Ϫ) or were exposed to EGF (100 ng/ml), neuregulin-␣ (100 ng/ml), and affinity-purified Don-1 EGF-like domain (10 g/ml). Cell lysates were analyzed as detailed above. Cell lysates from serum-starved MDA-MB453 cells that had been left unstimulated (Ϫ) or stimulated with neuregulin-␣ (100 ng/ml) or affinity-purified Don-1 EGF-like domain (10 g/ml) were subjected to immunoprecipitation with antibodies against erbB2 (D) erbB3 (E), or erbB4 (F) before electrophoresis and blotting with antiphosphotyrosine. NRG, neuregulin. of nicotinic acetylcholine receptor synthesis in embryonic chick muscle (10) . Thus, we compared the dose dependence of alpha and beta isoforms of neuregulin with that of the Don-1 EGFlike domain. Both neuregulin isoforms were active in the assay in a dose-dependent fashion, with the beta isoform being more potent by approximately 3 orders of magnitude (Fig. 5B) . Don-1 displayed no ARIA at doses up to 1 nM, concentrations that are biologically active in the SKBR-3 proliferation assay.
Expression profile of Don-1. To determine the size and tissue distribution of both mouse and human Don-1 mRNAs, Northern blot hybridizations were performed with the 1.4-kb muDon-1s and the 2.5-kb huDon-1r as probes. In adult murine tissues (Fig. 6A) , expression was highest in the brain, with lower levels observed in the lung. Multiple transcripts of ϳ6, ϳ4, and ϳ3 kb were observed. These same transcripts were also evident when a smaller probe, covering just the EGF-like domain, was used.
In order to identify those cells that express Don-1 mRNA, in situ analysis of murine adult brain sections with a probe directed against both the immunoglobulin and EGF-like domains was performed. High levels of Don-1 expression were observed in the cerebellum and dentate gyrus of the hippocampus (Fig. 7) . The uniform labelling of the cerebellar inner granule cell layer suggests that Don-1 mRNA is expressed by the granule cells themselves, which are the major cell type densely packed into this layer. In contrast to neuregulin, however, Don-1 is also expressed in the Purkinje cells (data not shown). Sense controls showed no signal over background, and RNase-treated sections showed a significant reduction in signal intensity. In contrast to the pattern of expression seen with neuregulin (7), no strong signal was observed in the ventral spinal cord (data not shown), suggesting that Don-1 is not highly expressed in adult motor neurons. In addition, although the original Don-1 clone was isolated from a choroid plexus library, no discernible signal could be detected in this region of the brain. In concordance with the expression patterns observed in the mice, Don-1 expression in adult human tissues also appeared to be restricted to the cerebellum (Fig. 6B) , where two predominant transcripts of ϳ4 and ϳ3 kb were observed. Additional regions of the brain (the thalamus, amygdala, caudate nucleus, corpus callosum, and substantia nigra) and other adult tissues (including the heart, lung, liver, skeletal muscle, kidney, and pancreas) showed no signal by Northern blotting (data not shown). Expression was, however, detected in human fetal brain and lung (Fig. 6C) . As erbB receptors are often overexpressed in many carcinomas, we analyzed a panel We detected Don-1 transcripts in a colorectal carcinoma cell line (SW-480) and lower levels of Don-1 in a melanoma cell line (G361) (Fig. 6D) . Genetic mapping and genomic structure of Don-1. Murine genomic clones were isolated by screening a lambda library with the 1.4-kb muDon-1s probe. One of these clones contained two exons of the EGF-like domain and revealed the presence of an additional exon (E2Ј) that putatively encodes the last loop of an EGF domain (Fig. 8) . This sequence, which we have termed Don-1.b (Fig. 2) , was also observed out of frame in the truncated muDon-1s clone, and we speculate that alternate splicing of this third EGF exon and that of the transmembrane domain, immediately after the second EGF exon (E2), introduce the termination codon in that clone. By analogy with neuregulin, it is possible that other splice variants exist that may utilize this exon (E2Ј) in frame to produce an alternate EGF domain whose tissue distribution or function may differ from that of Don-1. So far, we have not isolated any isoforms containing this putative exon in the ORF.
Utilizing the intronic sequence prior to the first EGF domain exon as a probe, we have determined that muDon-1 is located on the proximal end of chromosome 18, close to cdc25c, and between the markers D18Mit20 and D18Mit24. The human Don-1 gene was localized to chromosome 5q by using radiation hybrid panels (data not shown).
DISCUSSION
The initial identification of a neuregulin homolog in a murine choroid plexus EST database has led to the discovery of a novel neuregulin-like gene. This gene, which we have named Don-1, has the mosaic structure of the neuregulin gene and encodes multiple splice variants. We have identified four alternate forms of Don-1: two murine and two human. Each of these forms contains the immunoglobulin-like and EGF-like domains. The two human clones differ by the insertion of 8 amino acids after the EGF-like domain in the huDon-1b clone. In addition, the N-terminal sequence of huDon-1r is longer. Analysis of the cDNA sequence upstream of the first ATG of huDon-1b revealed no further homology to huDon-1r and, furthermore, an in-frame stop codon was present upstream of the first ATG, confirming our assignment of that ATG as the encoder of the initiating methionine. We feel confident that huDon-1r is also full length, given the homology of the 5Ј end of this clone to the start of the neuregulin gene. It appears as though these clones represent isoforms with distinct N termini. As with most isoforms of neuregulin, no identifiable signal sequence was apparent. The muDon-1m cDNA is most closely related to the huDon-1r sequence, although the N terminus of muDon-1m is identical to that of huDon-1b (Fig. 1) . muDon-1s appears to represent a totally distinct isoform. Although not full length, it is nonetheless intriguing, as it introduces a termination codon prior to the transmembrane domain. Whether this clone represents a splicing error or a distinct non-membrane-bound isoform of Don-1 remains to be determined. We have yet to isolate a corresponding variant from human tissue. Variants of neuregulin that contain no transmembrane domain also exist (14, 19, 23) , although their biological role has yet to be ascertained. Other obvious similarities between neuregulin and Don-1 include an immunoglobulin-C2 loop and a characteristic EGF-like domain. Interestingly, although the immunoglobulin and EGF-like domains are the primary candidate regions for protein interactions, homology between Don-1 and neuregulin is highest over the transmembrane sequence (92% identical) and in small sections of the cytoplasmic domain (up to 89% identity). This may indicate an important role for the transmembrane domain and for certain regions of the cytoplasmic tail that may be involved in specific molecular interactions. The EGF-like domain of Don-1 has ϳ49% identity with that of neuregulin, although the separation of cysteines 3 and 4 is more characteristic of other members of the EGF family, such as EGF and transforming growth factor ␣. It has been shown that the replacement of the amino acids between the third and fourth cysteines of neuregulin with the smaller corresponding region of EGF does not appreciably alter the binding affinity of neuregulin (3) . This data, combined with our observed erbB receptor activation profile of Don-1, suggest that the difference in size of the EGF-like domains of Don-1 and neuregulin does not alter receptor specificity. Assignment of huDon-1 to chromosome 5q clearly demonstrates that Don-1 is a novel gene and not a further splicing variant of the neuregulin gene, which is located on chromosome 8p (24) .
Analysis of Don-1 mRNA expression in both human and mouse tissues indicated the presence of multiple transcripts. The sizes of the predominant messages were ϳ3, ϳ4, and ϳ6 kb. As yet, no cDNA clones corresponding to these sizes have been isolated. The transcripts identified on the blot may differ from the isolated clones (2.5, 1.4, 1.8, and 1.6 kb) because of the presence of large untranslated regions, or they may repre- FIG. 8 . Genomic organization of the region encoding the EGF-like domain in Don-1. A lambda FixII genomic DNA clone was isolated, and the region encoding the EGF-like domain was fully sequenced. The location of the EGF-like domain-encoding exons was determined by sequence comparison with the cDNA. The boundaries of the clone are shown with a double slash. E1 and E2 correspond to EGF-like domains, E2Ј designates an exon encoding an alternate EGF-like domain, and Tm represents the exon encoding the transmembrane domain. Above the line are shown splicing events corresponding to the transmembrane form of Don-1 (muDon-1m). Below the line are shown alternate splicing events that lead to the formation of the truncated muDon-1s. In-frame exons are depicted as black boxes, and out-of-frame exons are depicted as white boxes. The asterisk indicates the position of the termination codon in muDon-1s. sent larger splice forms that have yet to be isolated. mRNA encoding Don-1 was detected in both adult and fetal brain and lung. Don-1 was also expressed in a cell line derived from an adenocarcinoma. This cell line (SW-480) expresses the erbB2 and erbB4 receptors (data not shown). Numerous studies have implicated the erbB family of receptors in the biology of adenocarcinomas, particularly those of the breast (2). The presence of both receptor and ligand in these cells may point to an autocrine activation of the receptors, leading to pathogenesis.
The restricted tissue distribution of Don-1 differs substantially from that of neuregulin, whose transcripts can be detected in a broad range of adult tissues, including the heart, lung, liver, muscle, ovary, and brain (14, 34) . Even within the brain, neuregulin is expressed in a multitude of regions, including the cerebellum, spinal cord, brain stem, hypothalamus, hippocampus, and basal forebrain (6, 7) . In contrast to neuregulin, Don-1 expression is restricted to the cerebellum and dentate gyrus of the hippocampus. The patterns of neuregulin expression in both of these brain regions are similar in embryonic and postnatal brains, but expression decreases significantly upon maturation. In the adult, neuregulin expression changes to a punctate pattern in the inner granule cell layer, characteristic of Golgi type II cells (6) . In the dentate gyrus, the neuregulin in situ labelling that is observed in the embryo is no longer detectable in the adult. These developmental changes in the expression of neuregulin in the hippocampus and cerebellum are quite striking. In adult mammals, the dentate gyrus is the predominant site of neurogenesis in the brain. The possible role of Don-1 in regulating proliferation or differentiation events in the dentate gyrus cells is currently under investigation.
Another intriguing possibility is that Don-1 may be involved in neural development throughout embryogenesis. Comparison of erbB4-deficient mice, which exhibit hindbrain misinnervation, with neuregulin-deficient mice, which do not, suggests that erbB4 may bind another structurally related ligand. Don-1 may act as an erbB4 ligand specifically at this time and place in development (11), a role that awaits confirmation by analysis of Don-1 knockout mice.
Recombinant Don-1 was able to induce the tyrosine phosphorylation of a protein corresponding to the molecular weight of the EGFR family members. Further characterization of receptor activation with different carcinoma cell lines that express various combinations of receptors (25, 31) leads us to believe that Don-1 binds to erbB3 and erbB4 and not to erbB2 or to the EGFR, although the possibility of a further, as-yetunidentified receptor for Don-1 cannot be excluded. The observed phosphorylation of erbB3, erbB4, and erbB2 in MDA-MB453 cells following stimulation with Don-1 suggests that, like neuregulin, Don-1 is capable of inducing receptor heterodimerization (15, 28, 29, 31, 33) . Interestingly, although Don-1 appears to activate the same receptors as neuregulin, different biological effects were observed in vitro. The EGFlike domain of Don-1 was proficient at inducing the breast carcinoma cell line SKBR-3 to proliferate at concentrations approximately 10-to 20-fold lower than neuregulins (14) , indicating that Don-1 is a more potent mitogen for these cells. In contrast, however, at equivalent concentrations of Don-1, no ARIA was detected in primary muscle cells, whereas both beta and alpha isoforms of neuregulin gave robust inductions of ARIA. As muscle cells express EGFR, erB2, erbB3, and erbB4, the differential effect on breast tumor cells compared with that on muscle suggests that a further receptor signalling component that is present in SKBR-3 cells but absent from cultured muscle cells may be required for bioactivity. On the basis of the differences in activity observed between Don-1 and the neuregulins, coupled with the restricted expression of Don-1 in adult tissues, we predict that the biological roles of Don-1 and neuregulin in vivo are very different.
One strategy for the determination of the biological roles of Don-1 is its deletion by homologous recombination in mice. Additionally, it is possible that Don-1 is involved in a previously described mutation. We have mapped muDon-1 to the proximal end of chromosome 18. Within this region are a number of mouse mutations whose phenotypes are indicative of neurodegenerative disorders. Two candidates of particular interest that we are investigating more fully are the ataxia and bouncy mutations. Ataxic mice show a steadily increasing paralysis up to three months of age that is characterized by tremors and loss of coordination (18) . Furthermore, in the central nervous system of these mice, the hippocampus and dentate gyrus are underdeveloped (4) . Bouncy mice are characterized by a severe tremor and a bouncy gait. Both of these phenotypes are consistent with cerebellar dysfunction, either during development or in the adult. Further investigation of the role of Don-1 in the cerebellum and throughout embryogenesis in normal and mutant mice will yield important insights into the function of Don-1.
